A new carbon-nitrogen organic semiconductor has been synthesized by pyrolysis of uric 34
Introduction 51
The piece of work presented herein on the products obtained from the pyrolysis of uricand the diffraction peaks become much broader and can be considerably shifted [23] . An 86 example of these basic semiconductors is shown in Fig. 1 , where R can be a side chain. Chemical structure of based oligomers, R is a side chain [22] . 90
91
The specific combination of imidazolic, pyridinic, and graphitic nitrogen of the 92 materials synthesized with UA is actually determined by the decomposition pathway of 93 the crystalline UA and can be regarded as one of the upper limits of nitrogen-doped 94 graphite (graphene) materials, such as those reported by Fechler et al. and Mahmood et 95 al. [17, 19] . The situation radically changed in CN600-1 and CN600-2 spectra, in which most 206 bands associated to OH, CO and NH groups disappeared. In the spectrum of the former, 207 some residual C-OH bands were still present, such as the small peak at around 983 cm -1 . 208
A shoulder due to carbonyl stretching could also be discerned above 1600 cm -1 . It is 209 worth noting that the stretching bands of non-interacting OH (above 3300 cm -1 ) were 210 proportionally higher than those of CN450 and CN550 samples, indicating that the 211 pyrolysis process was more advanced. Conversely, in CN600-2 spectrum the OH 212 stretching bands had almost disappeared. The broad bands at 1580 and 1240 cm claim is also supported by the similarity of the spectrum of CN600-2 to that of nitrogen-222 doped graphene, where pyrrole-like and pyridine-like nitrogen atoms are present, apart 223 from graphitic nitrogen [31] [32] [33] . 224 It is noteworthy that the morphology of CN450, with crumpled particles, was similar 232 to that observed in the formation of g-C 3 N 4 from melamine cyanurate, which occurs 233 through a topotactic transformation [34] . In CN550 and CN600-1 samples the particles 234 were mainly composed of nanosheets, while in CN600-2 these nanosheets tended to 235 form also hollow structures, as a consequence of the topotactic transformation 236 advancement. As regards CN600-2 sample, it was possible to observe diffraction planes 237 (see Fig. 4 ). The interplanar distance, 3.36 Å, was found to be compatible with the main 238 peak in the XRD pattern. 239 pattern of CN600-1 corresponded to a quite amorphous material with a broad peak 253 around 27°, which seems to result directly from the UA peak at 27°, provided that the 254 basic layered features of the original structure would be preserved (topotactic 255 transformation). Nevertheless, all the other peaks were not visible. The intensity of the 256 reflection at 26.97°, corresponding to an interplanar spacing of 3.31 Å, became much 257 higher (26.97°), still remaining quite broad, and the broad peak at 12.58° (spacing of 258 7.03 Å), corresponding to an in-plane structural packing motif, became more evident. It 259 should be pointed out that in the final product the stacking order seems to prevail over 260 the in-plane one. The crystallization process driven by temperature was also revealed by 261 the broad exothermic band found in differential scanning calorimetry at ca. 600 °C. conducted at a lower temperature). These losses were no longer present in CN600-1 and 280 CN600-2 samples, indicating that in the both cases UA had been completely consumed. 281
The second weight loss above 600 °C (second circle in Fig. 6 ) in all samples was due to 282 the final decomposition of the products. 283
The endothermic peaks in the differential thermal calorimetry (DSC) curves of both 284 CN450 and CN550 (see inset in Fig. 6 ) at around 400 °C can thus be associated to the 285 starting materials' decomposition. Other DSC peaks above 600 °C may be due to the 286 decomposition of by-products in CN450. The endothermic peaks around 400 °C were no 287 longer present in CN600-1 and CN600-2. On the contrary, broad exothermic peaks at 288 around 600 °C appeared in both CN600-1 and CN600-2 (especially evident in CN600-289 2). It seems that, in conjunction with the final (endothermic) decomposition, a 290 (exothermic) process of crystallization occurred. These processes were eventually 291 confirmed by X-ray diffraction. 292 The UV-visible spectra of the four samples exhibited an increase in the absorption as the 300 polycondensation temperature was increased, as shown in Fig. 7 . In the spectrum of 301 CN600-2 there was an evident but broad peak between 1.7 and 1. The direct band gap values estimated by Tauc plot were 2.10, 2.22 and 2.32 eV for 311 CN550, CN600-1 and CN600-2, respectively. The direct band gap could not be 312 determined by Tauc plot for CN450, since the final product yield was still low in this 313 case. Moreover, the indirect band gap was considerably lower and had values around 314 0.90 eV for all the samples, indicating that this gap is more related to the assembly of the 315 product molecules. 316 317 3.1.6. X-ray photoelectron spectroscopy 318
In order to confirm the incorporation of nitrogen atoms into the polymer network and to 319 identify the carbon-nitrogen species formed during the synthesis process, XPS analysis 320 of the four semiconducting polymer samples was conducted. The evolution and 321 quantification of the carbon, nitrogen and oxygen species was established by comparison 322 of the relative intensities of the C1s, N1s and O1s peaks (Fig. 8) 
.4 341
The high-resolution XPS spectra in the C1s region of the four samples are shown in 342 Table 3 . 366
The ratio N1:N2:N3 for CN600-2 was approximately 1:1:1, suggesting that these 367 types of nitrogen could belong to a well-defined structure (not randomly distributed). It 368 is noteworthy that imidazole seems to be formed before than naphthyridine (in fact, the 369 N2 and N3 contents were higher than those of N1 in the samples treated below 600°C), 370 which implies the condensation of the 6 atoms-rings of two UA molecules. 371 The O1s peaks (in the 529.0-537.0 eV region), arising from the oxygen-carbon 382 species or from water absorbed on the surface of the semiconductor polymers, are 383 depicted in Fig. 11 , together with their fit to three Gaussian-Lorentzian contributions. 384 bonds and their relative mass fractions (wt%) are condensed in Table 4 . impossible to prepare a pure sample pellet)-, while Fig. 12(b) shows the spectra for all 401 the samples dispersed in PE at a 20 wt% concentration. Even though the total absorption 402 was much smaller in this case, which made the measurements noisier, it provided a fair 403 comparison between all the samples. 404
Previously reported THz-TDS measurements of UA at 77 K showed two peaks in this 405 band: a very strong resonance close to 1.5 THz and a much smaller peak near 1.35 THz 406
[44]. Both peaks were clearly present in the UA and CN550 samples, in particular the 407 strongest absorption band, albeit with a red-shift of both resonances, as they were 408 measured at room temperature. This temperature dependence is typical of THz 409 vibrational resonances associated with crystal lattice modes [45] . In the present case, the 410 main signature of the THz spectrum was shifted to 1.44 THz when the measurement was 411 performed at room temperature. A contribution to the total attenuation -that increased 412 monotonically with frequency-was present, which would be due to scattering. There 413 was also a small absorption band at 1.99 THz, which can be due to the presence of 414 melamine at a small concentration [46] . total attenuation of CN600-2 when compared to that of CN600-1. Also, the faint 427 resonance in the higher frequency end of the spectrum that was common to the CN550 428 and CN600-1 samples vanished in CN600-2. In spite of the fact that the observed 429 spectral peak was very weak, the THz spectra can be interpreted as an effect of the initial 430 production of the 2D polymer, supporting its presence at an appreciable concentration in 431 CN550 and CN600-1 samples. This conformation has a lattice mode that has been 432 calculated at 2.28 THz and a stronger resonance at 3. The comparison of the XRD pattern simulated from the PM6 geometry with that 501 experimentally measured for CN600-2, using Mercury software, is shown in Fig. 17  502 [51]. There is a small shift of the peak at 2θ=25.84 o due to reflections at consecutive 503 material stacks when compared with the corresponding signal in the XRD measurements 504 that is consistent with the previously calculated value of d. The peak at 2θ=14.14 o is also 505 identified in the XRD measurements and can be attributed to reflection at every-other 506
layer. This is a characteristic feature (with varying relative intensity) of related ABAB 507 stacked carbon-nitrogen materials [49] . 508 As discussed above, the study of periodic structures using MOPAC requires an extended 522 computational period spanning several crystal cells such that the size is sufficient for an 523 accurate calculation [52] . This has the effect that the calculated frequencies are not 524 limited to those fulfilling the condition k≈0 that permits the conservation of total 525 momentum in the interaction with photons and that, therefore, are relevant for the 526 absorption spectrum. Thus, a requirement in the interpretation of the MOPAC 527 calculations of vibration modes in periodic systems is the selection of the relevant 528 vibrations from the whole set of calculated modes [45, 53] . 529
All the optimized geometries in this study corresponded to true ground states, except 530 for the 3D system depicted in Fig. 16 , for which it was not possible to obtain a geometry 531 free from imaginary frequency vibrations. 532
All the plots of displacements of vibration modes were produced with Gabedit [54] . 533
In each case, the atomic displacements were scaled to facilitate their visualization. 
Conclusions 591
A new 2D carbon-nitrogen material was synthesized by pyrolysis of uric acid. The 592 experimental results, obtained through XPS and vibrational spectroscopies, and the 593 quantum chemistry simulations suggest that it would consist of a polymer containing 594
